A limited diversity of character states for reproductive traits and a robust phylogeny make scleractinian corals an ideal model organism with which to explore the evolution of life-history traits. Here, we explore systematic and biogeographical patterns in the reproductive biology of the Scleractinia within the context of a new molecular phylogeny and using reproductive traits from nearly 400 species. Our analyses confirm that coral sexuality is highly conserved, and mode of larval development is relatively plastic. An overabundance of species with autotrophic larvae in the eastern Pacific and Atlantic is most likely the result of increased capacity for long-distance dispersal conferred by vertical transmission of symbiotic zooxanthellae. Spawning records from diverse biogeographical regions indicate that multispecies spawning occurs in all speciose coral assemblages. A new quantitative index of spawning synchrony shows peaks at mid-tropical latitudes in the IndoPacific, influenced in part by two spawning seasons in many species on equatorial reefs.
INTRODUCTION
Nearly two decades have passed since the last major review of reproduction in the Scleractinia (Harrison & Wallace 1990 , Richmond & Hunter 1990 . In this time, the number of coral species for which reproductive traits are known has doubled and the geographical extent of coral reproduction studies has increased dramatically, particularly in regions such as the Coral Triangle that were previously underrepresented. In addition, the molecular phylogenies of Romano & Cairns (2000) , Fukami et al. (2004 Fukami et al. ( , 2008 , and Kerr (2005) have resulted in a complete revision of the systematics of the order and provided a new, robust working hypothesis of scleractinian phylogeny. These recent advances enable the evolution of life-history traits in corals to be examined using the techniques of comparative biology for the first time. In this review, we begin by outlining various hypotheses that have been put forward to explain systematic patterns in reproductive traits and we test these hypotheses in the context of the new molecular phylogeny. Next, we examine geographical patterns in the relative abundance of reproductive traits to gain new insights about the biogeography of the Scleractinia. We then outline global patterns of coral spawning synchrony and discuss the environmental controls and evolutionary constraints driving synchronous spawning phenomena. Finally, we outline the potential effects of climate change on coral reproduction, particularly on the timing of spawning, and discuss how these changes may affect reef futures.
SYSTEMATIC PATTERNS IN REPRODUCTIVE BIOLOGY OF SCLERACTINIAN CORALS
Scleractinian corals are among the most extensively studied of marine modular organisms. Of the approximately 1400 extant species, about 800 or 60% are colonial (Cairns 1999) . Modular, colonial organisms are unusual because the "organism" is comprised of many replicated, interdependent modules, each with its own birth and death rates, complicating analyses of life-history patterns. Modularity can potentially lead to a diverse array of sexual systems (Weiblen et al. 2000) . However, unlike flowering plants (Barrett 1998 ) and some unitary animals (Francis 1992) , there are essentially only two sexual systems in scleractinians. Colonies are either predominately out-crossing, simultaneous hermaphrodites, with each polyp having both male and female functions, or polyps within a colony express only one sex throughout their life; thus colonies are either male or female and species are gonochoric (that is, dioecious) [see Harrison & Wallace 1990 for a review; see also Supplemental Appendix I. (Follow the Supplemental Material link from the Annual Reviews home page at http://www.annualreviews.org.)].
Most hermaphroditic corals are simultaneous, producing both eggs and sperm within one complete breeding cycle. Some corals, for example Stylophora pistillata (Rinkevich & Loya 1979) , are protandrous simultaneous hermaphrodites, that is, colonies display solely male function at small size but become simultaneous hermaphrodites once colonies exceed a species-specific characteristic size. Protandrous hermaphroditism is readily explained by models that predict delayed allocation to more energetically costly female function until larger sizes are attained (Charnov 1982) . At least four solitary fungiid species are sequential protandrous hermaphrodites, that is, polyps display solely male function when small and solely female function when larger (KramarskyWinter & Loya 1998 , Loya & Sakai 2008 in accord with sex-allocation theory (Charnov 1982) . In addition, the fungiid Ctenactis echinata can change sex in both directions, possibly in response to energetic and/or environmental constraints (Loya & Sakai 2008) .
Mixed breeding systems are rare in scleractinian corals. In a few colonial species, some polyps are male and others female. Examples include Cladopsammia rolandi and Diploastrea helipora (Supplemental Appendix I). At least one scleractinian, Galaxea fascicularis, is pseudo-gynodioecious, that is, populations consist of female colonies that release eggs and male colonies that release sperm packaged with nonviable eggs, which potentially provide buoyancy for sperm (Harrison 1988) . In addition, a low proportion of hermaphrodites is often found in otherwise gonochoric populations, including species in the families Agariciidae (Delvoye 1988 , Glynn et al. 1996 and Poritidae (Glynn et al. 1994 , Soong 1991 ; such species are described by Giese & Pearse (1974) as stable gonochores. Although these are important exceptions, the vast majority of scleractinian species can be classified as either hermaphroditic or gonochoric.
Similarly, there are essentially only two modes of larval development in scleractinian corals (hereafter referred to as reproductive mode). Fertilization is either internal and the embryo develops within the polyp and is released as a motile planula larva (that is, brooding), or fertilization is external and the embryo develops in the water column (that is, broadcast spawning). Whereas surface brooding is common among octocorals (McFadden et al. 2001 ), it is rare within the Scleractinia; the only known exception is Pseudosiderastreidae tayamai, which releases eggs into an external mucus sac where they are fertilized (Supplemental Appendix I). In addition, some brooded larvae are produced asexually (Ayre & Miller 2004 , Cairns 1988 , Stoddart 1983 ; however, the precise nature of this process is unknown. This ready classification of scleractinian reproductive traits into one of two character states makes them tractable organisms for studies of character evolution.
Systematic Patterns in Scleractinian Reproductive Biology Based on Morphological Phylogenies
Significant macroevolutionary patterns in reproductive characters have been noted in the order over the past two decades in relation to morphologically based systematic frameworks, some of which are contradictory. On the basis of anatomical and physiological simplicity, Fautin (2002) concluded that members of the phylum Cnidaria are evolutionarily plastic and therefore exhibit few patterns in reproductive traits. Within the Scleractinia, however, Harrison & Wallace (1990) identified a "fundamental pattern in coral reproduction" noting that, with few exceptions, sexuality is constant within each species, genus, and family and therefore must have a strong systematic basis. In contrast, they found no systematic pattern in reproductive mode because most families and genera include species that spawn as well as species that brood. They concluded that mode of reproduction is a plastic trait and has evolved independently in many taxa, whereas sexuality is highly conserved and therefore likely to have evolved at a much slower rate. Many researchers have noted the overwhelming abundance of hermaphrodites in the order. On this basis, Szmant (1986) hypothesized that hermaphroditism was the ancestral condition in the Scleractinia. However, on the basis of differences in sperm morphology, Harrison (1990) concluded that gonochorism was the more primitive character state. Two decades of accumulated data, including a plethora of new information on reproductive traits and the recent molecular phylogeny, now allow these observations to be tested within a robust evolutionary framework.
Systematic Patterns in Scleractinian Reproductive Traits in the Context of a Molecular Phylogeny
Here, we analyze systematic trends in reproductive traits within the order Scleractinia in the context of the new molecular phylogeny of Fukami et al. (2008) and with an updated database of reproductive traits. The morphological phylogenies of Wells (1957) and more recently Veron et al. (1996) are now understood to contain few, if any, monophyletic family groups (Fukami et al. 2008 , Huang et al. 2009 ). The updated database of reproductive traits (Supplemental Appendix I) contains records for nearly 400 species, over twice the number of species examined The number of scleractinian species in each of four combinations of the reproductive traits, mode of larval development (brood planulae or spawn gametes), and mode of transmission of algal symbionts (vertical = zooxanthellae present in larvae or horizontal = no zooxanthellae in larvae).
in the last analyses of systematic trends in the order (Carlon 1999 , Harrison & Wallace 1990 ).
In agreement with earlier analyses, hermaphroditic spawning remains by far the most common combination of sexuality and mode of reproduction, with this pattern found in 242 or 63% of the species examined, while gonochoric brooding (26 species or 7%) is the least common combination (Figure 1a) . The consistency of sexuality within the monophyletic molecular clades is particularly striking ( Table 1) . Only 5 of the 31 clades contain species with both character states ( Table 2) , and many of these observations require further verification. For example, Isophyllia sinuosa is the only gonochoric mussid but this record dates back to the turn of the previous century (Duerden 1902) and warrants verification. Furthermore, the molecular markers for many of these species with atypical sexuality (e.g., all the caryophylliids) have yet to be examined, making their systematic affinities uncertain. Thus, the number of cases of species with sexuality atypical of the family/clade is reduced when the revised molecular phylogeny rather than the morphological phylogeny is used as the systematic framework. Our analysis also confirms earlier suggestions that reproductive mode is more flexible than sexuality. According to the new molecular phylogeny, 13 of 31 clades contain both spawning and brooding species; however, even this trait appears relatively stable within clades. Only 13 of a total of 111 genera contain species that both brood and spawn (Table 3) , one example arising as a result of a recent taxonomic revision of Acrhelia horrescens, which Veron (2000) has classified as Galaxea acrhelia. A further four of these examples are species in which individual colonies both brood and spawn (Heliofungia actiniformis, Goniastrea aspera, Oulastrea crispata, Pocillopora damicornis; Supplemental Appendix I). Clearly, reproductive traits are an excellent guide for systematic affinities among the Scleractinia.
In the first phylogenetic analysis of the evolution of character traits within the Scleractinia, Kerr and colleagues (A. Kerr, A. Baird, T. Hughes, submitted) found that transitions between sexuality occur about half as frequently as transitions between reproductive modes. Using a "supertree" phylogeny (Kerr 2005) of 242 species of scleractinian corals for which data on both sexuality and mode of reproduction were available, they also found that transitions from brooding to spawning outnumbered reverse transitions by more than two to one. The analysis overwhelmingly supported gonochorism as the ancestral sexual state, but was ambiguous as to reproductive mode (Figure 2) . These results are consistent with gonochorism being the prevalent and presumably ancestral state in the rest of Anthozoa (Daly et al. 2003) .
Another prominent systematic pattern, most recently noted by Diekmann et al. (2002) , is the strong association between mode of larval development and the mode of transmission of Symbiodinium, the dinoflagellate endosymbiont of corals commonly known as zooxanthellae (Figure 1b) . In all symbiotic organisms, offspring acquire symbionts in one of two ways: either inherited directly from parents in the oocytes (vertical transmission), or acquired anew in each generation (horizontal transmission). Approximately 90% of brooding scleractinian species (n = 36 species) have zooxanthellae in their planulae (Figure 1b) . One of the aberrant species, Madracis mirabilis, comes from a genus in which many species are azooxanthellate or facultatively zooxanthellate (although this species is regarded as zooxanthellate), leaving only three species, all isoporans, that brood and lack zooxanthellae (Supplemental Appendix I). In contrast, only 25% of spawning species have zooxanthellae in their eggs, and these species come from only 4 of the 85 genera of zooxanthellate scleractinians: Montipora, Anacropora, Pocillopora, and Porites. What has driven the evolution of this pattern? Yakovleva et al. (2009) suggested that vertical transmission may be precluded in spawning species because of physiological constraints associated with extended obligate periods of larval development on the ocean surface. Higher rates of enzymatic antioxidant activity, high levels of cellular damage, and lower survivorship of Acropora intermedia larvae when inoculated with Symbiodinium and exposed to conditions prevalent on the ocean surface in comparison to larvae that lacked symbionts (Yakovleva et al. 2009 ) provide corroborative evidence for this hypothesis.
BIOGEOGRAPHICAL AND EVOLUTIONARY PATTERNS IN THE RELATIVE ABUNDANCE OF REPRODUCTIVE TRAITS
Distinct differences in the relative abundance of reproductive traits, in particular, sexuality and reproductive mode have been recognized among reef regions and through evolutionary time. For example, Harrison & Wallace (1990) noted that sexual systems differed among Atlantic and Indo-Pacific faunas within the genera Porites (gonochoric in the Indo-Pacific, hermaphroditic in the Atlantic) and Montastrea (hermaphroditic in the Indo-Pacific, one gonochoric species in the Atlantic), a pattern that they attributed to evolutionary divergence since separation of the faunas. Szmant (1986) first noted that brooding corals were relatively more abundant in the Atlantic when compared to the Indo-Pacific, a feature she attributed to differences in selective pressures between the two regions over evolutionary time. In particular, Szmant (1986) hypothesized that brooding is the optimal strategy for high recruitment under conditions of low larval survivorship potentially caused by environmental perturbations in the Atlantic associated with tectonic events and changes in ocean circulation since the Oligocene. Similarly, Edinger & Risk (1995) suggested that fewer brooders had gone extinct during the Oligocene/Miocene extinction event, a result that they attributed to the greater capacity of brooded larvae to recruit and survive in marginal conditions such as cool and turbid water associated with increasing upwelling in the Atlantic in the Oligocene. They estimated that of 37 genera for which they inferred reproductive mode, 73% of brooding genera survived the extinction, compared to 29% of broadcasting genera (Edinger & Risk 1995) . In contrast, Johnson et al. (1995) concluded that neither sexuality nor reproductive mode was associated with extinction risk at the species level. Instead, they found that species characterized by large colony size went extinct less frequently and originated more frequently than species with smaller colony size ( Johnson et al. 1995) . How well do these ideas stand up in light of the twofold increase in records of reproductive traits and a more extensive fossil record?
An examination of the relative abundance of species in the four combinations of sex and mode reveals some prominent biogeographical patterns (Figure 3a) . Brooding corals are relatively more abundant in the Atlantic, where they make up nearly 50% of the species compared to less than 20% in the Indo-Pacific (Figure 3a) , confirming and accentuating the pattern first noted by Szmant (1986) . Indeed, coral species are much more evenly spread among the four reproductive states in the Atlantic, whereas in the Indo-Pacific, hermaphroditic spawners are overwhelmingly more abundant (70%) (Figure 3a) . Is this pattern in the Atlantic driven by lower rates of extinction of brooders as suggested by Edinger & Risk (1995) . Using more recently compiled generic records of fossil occurrence and a more complete data set of coral reproductive traits, Baird and colleagues (A. Baird, A. Kerr, M. Kosnik, submitted) demonstrated that there was, in fact, no association between either sexuality or mode of reproduction and extinction in the Oligocene. They concluded, Figure 2 (a,b) Sexual system (light blue, hermaphroditic; orange, gonochoric) and reproductive mode (red, brood planulae; green, spawn gametes) in 289 species of scleractinian corals mapped onto the supertree phylogeny of Kerr (2005) . 
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S u b a n t a r c t i c I n d i a n O c e a n W e s t a n d C e n t r a l P a c i fi c E a s t e r n P a c i fi c W e s t e r n A t l a n t i c E a s t e r n A t l a n t i c S u b a n t a r c t i c I n d i a n O c e a n W e s t a n d C e n t r a l P a c i fi c E a s t e r n P a c i fi c W e s t e r n A t l a n t i c E a s t e r n A t l a n t i c rather, that the overabundance of brooders in the Atlantic preceded the Oligocene extinction and hypothesized that patterns were the product of greater dispersal abilities of brooders across the eastern Pacific divide, which isolated the Atlantic from the Indo-Pacific many epochs before the Oligocene extinction (Veron 1995) . In examining extinction risk in the Atlantic, Edinger & Risk (1995) explicitly rejected this dispersal hypothesis. However, some of their reasoning was based on an inappropriate distinction between lecithotrophic and planktotrophic larvae. They defined brooded larvae as lecithotrophic, reasoning that because the larvae are typically larger and almost always inherit symbionts vertically, they could spend long periods in the water column nourished by maternal provisionings. They contrasted this with the larvae of broadcast spawning species-which are smaller and typically lack symbionts-and reasoned that if these larvae were to spend time in the water column, they would need to feed. Consequently, they defined the larvae of broadcast spawners as planktotrophic. However, the term planktotrophic is best reserved for larvae that have to feed to complete development within the water column (Pechenik 1990) . Clearly, this is not true for any scleractinian larvae, all of which can settle without nutrition derived from the water column (Morse et al. 1996) . Furthermore, there is little evidence to suggest that any coral larvae actually feed (Graham et al. 2008) . The correct distinction is between autotrophic larvae, that is, larvae that inherit symbionts vertically and can therefore supplement maternal provisioning with energy sources provided by their photosynthetic symbionts, versus lecithotrophic larvae, that is, those that cannot supplement their maternal energy reserves (Richmond 1988) . Given this distinction, autotrophic larvae include all larvae of brooding species, with the exception of the isoporans, plus larvae of spawning species from the genera Montipora, Porites, Pocillopora, and Anacropora (Supplemental Appendix I). The overabundance of species with autotrophic larvae in the eastern Pacific (Figure 3b ) also suggests that this characteristic allowed them to travel large distances in the water column to colonize these reefs following the extinction of corals after the closing of the Isthmus of Panama.
The differences in sexuality between Atlantic and Indo-Pacific species of Porites, Montastrea, and Agariciidae highlighted by Harrison & Wallace (1990) , and more recently, Scolymia (hermaphroditic in the Indo-Pacific and gonochoric in the Atlantic), are not supported by analyses of our extended records. The examples given by Harrison & Wallace (1990) are now understood to be systematic artifacts or based on species atypical of the genera. For example, all but one species of Porites in the Atlantic are now regarded as gonochores, or stable gonochores, and hermaphroditic Porites have also been described in the Indo-Pacific (Supplemental Appendix I) . Similarly, more recent work on agariciids suggests both Atlantic and Indo-Pacific species are best described as stable gonochores (Supplemental Appendix I). The other genera previously thought to have mixed sexuality among oceans are now recognized as being polyphyletic, with the gonochoric species of Montastrea and Scolymia now placed in different clades than their hermaphroditic congeneric species (Fukami et al. 2008) .
Other prominent patterns include the complete absence of hermaphrodites in the Subantarctic and a very high abundance of gonochoric spawners in the eastern Pacific (Figure 3b) . This pattern, first noted by Glynn & Ault (2000) , contrasts sharply with the pattern identified by Edinger & Risk (1995) , who stated that the eastern Pacific was dominated by brooding genera. Glynn & Ault (2000) also noted the other reproductive trait that predominates in the eastern Pacific fauna-the overabundance of species that inherit zooxanthellae vertically (Figure 3b ). As discussed above, this property is almost certainly related to greater potential for long-distance dispersal of species with autotrophic larvae, enabling them to survive extended planktonic periods required to reach eastern Pacific reefs.
BIOGEOGRAPHICAL PATTERNS IN CORAL SPAWNING SYNCHRONY
Controls on the Timing of Reproduction
Control of reproductive timing is complex and may involve an array of environmental signals that must be translated by the organism. These signals provide direction for a temporal series of physiological events that lead to gamete maturation and eventual spawning. Establishing which factors control reproductive timing is problematic because causation cannot be established by observations or correlations alone, and experiments that manipulate environmental factors such as light and temperature over the period of a coral gametogenic cycle are technically challenging (Hunter 1988) .
A wide range of environmental factors may play a role in reproductive timing and these may act at both a proximate and an ultimate level (Olive et al. 2000 , Oliver et al. 1988 ). The most common hypothesis for corals states that environmental cues work at progressively finer scales to regulate (a) the time of year, (b) night of spawning, and (c) the time of spawning (Babcock et al. 1986 ). Traditionally, sea surface temperature (SST) has been considered the major seasonal cue partly because of the important influence that temperature exerts on physiological processes and partly because many examples of broadcast spawning occur as waters are warming or close to the annual maxima in many locations (Harrison & Wallace 1990) . Perhaps the strongest evidence for a role of temperature is the timing of the inshore versus offshore spawning of corals in the central Great Barrier Reef (GBR) (Willis et al. 1985) , where species on inshore reefs spawn a month earlier than colonies of the same species at mid-and outer-shelf reefs, and these spawning peaks are correlated with rising sea surface temperatures that begin a month earlier closer to the mainland (Babcock et al. 1986 , Willis et al. 1985 . Given that these reefs are at the same latitude and separated by a maximum of 60 km, it is unlikely that other potential causal environmental variables, such as insolation, day length, or time of sunrise, vary between these locations. Nonetheless, inconsistencies in the relationship between SST and spawning season are evident (Babcock et al. 1994 , Mendes & Woodley 2002 , Penland et al. 2004 . For example, corals on the east and west coasts of Australia spawn predominantly in different seasons despite similar annual SST regimes (Simpson 1985) . In western Atlantic broadcast spawning corals, the rate of change in SST is a poor predictor of spawning time; rather, the average temperature at the time of spawning is important and most corals spawn when SSTs are between 28
• C and 30 • C. Conversely, the rate of change of insolation is a good predictor of spawning, whereas average insolation at the time of spawning is not (van Woesik et al. 2006) .
Environmental cues that influence the day of the month and hour of spawning are better understood. Lunar control of the night of spawning is strongly supported by experimental manipulative studies (Hunter 1988) and by long-term observations of the timing of spawning, which demonstrate that spawning patterns consistently track lunar patterns (Figure 4) . Long-term observations also suggest that lunar and seasonal cues interact to maintain spawning on the GBR within a seasonal environmental window that is presumably favorable for reproductive success (A. Pharaoh & B. Willis, submitted). Hence, split spawning years, when coral populations divide spawning over two consecutive months (Willis et al. 1985) , can be explained by annual reproductive rhythms that are variable with respect to the number of lunar months (that is, 12 or 13) elapsing between spawning in successive years, thereby maintaining consistency in breeding season (Figure 4) (A. Pharaoh & B. Willis, submitted) . In Pocillopora damicornis, the lunar rhythm of planulae release is entrained (that is, the lunar cycle maintains the accuracy of an internal clock) ( Jokiel et al. 1985) . Furthermore, corals can detect low levels of lunar irradiance (Gorbunov & Falkowski 2002) and possess blue light-sensing proteins that maintain circadian rhythms in insects and vertebrates (Levy et al. 2007 ). For broadcast spawning corals, onset of darkness is typically the final cue that determines the hour of spawning (Babcock et al. 1986 , Hunter 1988 , Levitan et al. 2004 ; however, some species spawn during daylight hours (Kinzie 1993 , Plathong et al. 2006 ).
Multispecific Synchronous Spawning
Most scleractinian corals broadcast spawn (see Figure 1) , producing lipid-rich, positively buoyant, lecithotrophic larvae. Because oogenic cycles in broadcast spawning species typically range from 6 to 14 months (Harrison & Wallace 1990) , each colony usually spawns only once per year on a seasonal cycle (but see Stobart et al. 1993 , Mangubhai & Harrison 2008b for a few exceptions). In light of restricted mating opportunities each year, as a consequence of evolutionary constraints imposed by the length of oogenetic cycles, spawning synchrony is likely to be highly adaptive in broadcasting species. Furthermore, fertilization success is greatly diminished in corals when small numbers of colonies spawn because of rapid gamete dilution (Oliver & Babcock 1992 , Levitan et al. 2004 ). Thus, many broadcast spawning corals spawn at predictable times each year (Willis et al. 1985) , and individuals can be remarkably punctual. For example, colonies of Colpohyllia natans spawn within two minutes of the time at which they spawned the previous year, whereas Diploria strigosa, the least punctual species in a Texas Flower Garden assemblage, spawns within a time window of 1.5 hours (Vize 2006) .
In many coral assemblages, spawning is synchronized not only among colonies within a population, but also among numerous species within an assemblage. During the annual "mass spawn" on the GBR (Harrison et al. 1984) , up to 30 species release gametes within hours on a single reef (Willis et al. 1985) and over 130 species spawn in the weeks following the full moon in October and/or November (Willis et al. 1985 , Harrison & Wallace 1990 . Multispecific spawning has since been recorded on many reefs in a variety of regions (Supplemental Appendix II). In contrast, there is no apparent overlap in spawning period for species within coral assemblages in some reef regions. For example, ecologically dominant species at Eilat in the northern Red Sea spawn in different seasons, months, and lunar phase (Shlesinger & Loya 1985) . Temporal reproductive isolation is also the pattern in parts of the central Pacific, Hawaii, and the eastern Pacific (Glynn & Ault 2000 , Richmond & Hunter 1990 , but see Kenyon 2008) . In combination, patterns emerging from early studies suggested that "'mass spawning," defined by Willis et al. (1985) as "the synchronous release of gametes by many species of corals, in one evening between dusk and midnight," was restricted to geographic regions with appropriate proximate cues. In particular, Oliver et al. (1988) hypothesized that mass spawning would only occur in regions where large fluctuations in environmental variables provide the necessary cues by which corals can synchronize spawning (Harrison & Wallace 1990) . Lack of precision in the definition of what constitutes mass spawning, however, has led to controversy over where and when it occurs. Harrison & Booth (2007) suggest "'mass spawning' is distinguished from other lesser multispecific spawning patterns by its much larger ecological scale" and Mangubhai & Harrison (2008a) argue that the term should be "restricted to describing these (GBR) extreme synchronous multispecific spawning events, rather than including all multispecific spawning." In the absence of an ecological justifiable guide as to where to draw the line between mass and multispecies spawning events and given that a primary objective of these studies is to identify drivers of spawning synchrony among coral species, an alternative quantitative approach may constitute a more productive way of addressing the question.
Two hypotheses underpin the mass spawning paradigm: (a) There is high spawning synchrony within coral populations over a wide geographic scale, and (b) spawning synchrony is greater in areas with large fluctuations in environmental variables. Below, we re-examine these hypotheses in the light of the numerous studies that have emerged since these ideas were originally formulated, in particular a wealth of novel data from regions, such as the central Indo-Pacific, that were previously underrepresented. We next formulate a quantitative index of spawning synchrony at both the population and assemblage scale in order to test the hypothesis that spawning synchrony is positively correlated with variation in environmental variables. Studies of reproductive synchrony within coral populations over broad spatial scales on the GBR demonstrate that, although some species spawn with remarkable synchrony, many species have extended breeding seasons. In three regions spanning the length of the GBR, most Acropora populations sampled in the week before the mass spawning period had a proportion of colonies in each of three reproductive conditions (mature, immature, and empty), indicating that spawning in these populations extended over at least two months (Baird et al. 2002) . Similarly, the proportion of mature colonies of three species of Acropora varied dramatically among six regions on the GBR and among years, indicating major regional and annual differences in within-population reproductive synchrony (Hughes et al. 2000) . Furthermore, in a 3-year study of spawning times in 12 morphospecies of the Acropora humilis group, a second substantial spawning event occurred three months after an initial spawn in November, and 11 of the 12 taxa spawned in both events (Wolstenholme 2004) . In addition, the first study to claim broad synchrony in spawning among coral assemblages on the GBR actually indicates spawning was split between November and December on at least 5 of the 12 reefs evaluated, and the number of empty colonies on many reefs suggests that these colonies were breeding at other times of the year (table 1 in Oliver et al. 1988, p. 805) . Similarly, on the northwest coast of Australia, populations of at least four species of Acropora spawn in both autumn and spring (Rosser & Baird 2009) . A study of temporal patterns of broadcast spawning for 22 species of Acropora in the central GBR showed that spawning was synchronous within populations and between species for more than 75% of species, but the remaining 25% either had extended breeding seasons that encompassed the main mass spawning period, or were temporally isolated (A. Pharaoh & B. Willis, submitted). As concluded by A. Pharaoh & B. Willis (submitted), multispecies spawning patterns span a continuum from synchrony to asynchrony on the GBR, despite the presence of both substantial tidal signals and annual fluctuations in temperature and light.
Over the past two decades, multispecies spawning events have been described from 23 locations globally (Supplemental Appendix II). In addition, coral reproduction in most regions investigated is highly seasonal, with the vast majority of reproductive activity concentrated in two to three months, even in equatorial locations that were previously considered to lack seasons (e.g., Kenya: Mangubhai & Harrison 2008a; Singapore: Guest et al. 2005a ; and see Supplemental Appendix II) and in regions where breeding periods have previously been described as not seasonal (e.g., the Red Sea; Supplemental Appendix II). The ubiquitousness of coral multispecies spawning is not surprising given the potential for closely related species to respond similarly to local environmental cues (Oliver et al. 1988 ). Thus, it seems inevitable that multispecies spawning will occur in any diverse assemblages of broadcast spawning corals (Guest et al. 2005b) . Earlier studies comparing regional patterns in spawning synchrony hypothesized that differing ranges in environmental variables underlie variation in spawning patterns (Oliver et al. 1988 , Richmond & Hunter 1990 ). More recent studies suggest that even relatively small changes in environmental variables might be sufficient to act as cues. Indeed, the rate of change is likely to be just as important as absolute changes in environmental variables (van Woesik et al. 2006) .
A Quantitative Definition of Spawning Synchrony
Much of the recent confusion in the literature in relation to geographic patterns in mass spawning is caused by the lack of a quantitative definition of spawning synchrony (Baird & Guest 2009 ). Reproductive synchrony can occur at several levels, e.g., individual (intracolony synchrony), species (population synchrony), and coral assemblage (multispecific synchronous spawning or "mass spawning"). In the strictest sense, synchrony is defined as spawning within a time window that enables successful cross fertilization. However, to test for proximate cues that coordinate spawning season, a definition of synchrony on the scale of months is appropriate. Examining seasonality offers the most promise because data on gamete maturity during any month can be collected relatively easily by observing oocyte pigmentation in broken sections in situ (Harrison et al. 1984 , Baird et al. 2002 .
Seasonality in breeding can be considered to have two essential components: (a) the length of the spawning season (defined here in months) and (b) the proportion of the population that spawns in any one month. These components can be captured relatively easily using a seasonality index (SI). For example, a modified version of Simpson's diversity index can be adopted by replacing "species" with months and "number of individuals per species" with the proportion of a population spawning in any month, calculated as follows:
where n1 is the proportion of the population spawning in month one, etc., and N is the total number of corals in the sample. Here, we use this SI to test the hypothesis that spawning synchrony is reduced at lower latitudes. First, we explore synchrony in these assemblages, using data from four locations where the entire Acropora assemblage was sampled for the duration of the reproductive season. The relationship between spawning synchrony and latitude is not linear as predicted by the hypothesis that increasing fluctuations in annual temperature or light cycles with latitude provide increasingly effective proximate cues for spawning synchrony. Instead, spawning synchrony peaks at mid-latitudes (central GBR), and is lower near the equator and at high latitudes (Figure 5a) . Second, we test the hypothesis that synchrony within coral populations is lower at low latitudes by plotting the SIs for four species at four locations in the Coral Sea. Once again there is no consistent pattern in 
where n1 is the proportion of the population spawning in month one, etc., and N is the total number of corals in the sample. SI in the assemblage is the average of SI of all species examined.
www.annualreviews.org • Coral Reproductionsynchrony with latitude (Figure 5b) . In Acropora hyacinthus and A. millepora, synchrony peaks at mid-latitudes. In A. nasuta, synchrony declines at lower latitudes, and in Acropora humilis, synchrony increases at lower latitudes. Finally, we use two additional proxies for spawning synchrony: (a) the proportion of species reproductively active during the peak spawning season, and (b) the number of colonies in the total assemblage breeding at the month of peak reproductive activity. The proportion of Acropora colonies breeding during peak periods was not correlated with latitude (p = 0.19; r 2 = 10%; Supplemental Appendix III), driven by the fact that at most locations within 8
• of the equator there are two peaks in reproductive activity (Supplemental Appendix II). Similarly, the proportion of Acropora species breeding during peak periods was not correlated with latitude (p = 0.08; r 2 = 19%; Supplemental Appendix III). Nonetheless, the minimum proportion of species breeding during the month of peak activity was 50% representing 10 species in Kenya (Supplemental Appendix III). We conclude that despite some reduction of synchrony in some species near the equator, particularly when compared to mid-latitude reefs, multispecies spawning synchrony occurs in all species-rich Acropora assemblages.
Climate Change and the Reproductive Success of Scleractinian Corals
Temperature controls the metabolic rates of all organisms, which in turn affects numerous processes within individuals, populations, and communities (O'Connor et al. 2007) . A slight increase in SST can have positive effects on individuals, for example, by increasing rates of colony growth (Lough & Barnes 2000) , population growth (Edmunds et al. 2005) , and larval development (O'Connor et al. 2007 ). However, there will always be a limit to individual tolerances, and once exceeded, any advantages associated with increased temperatures are quickly lost. In corals, the most prevalent effect of increased SST as a consequence of global warming is an increase in the scale and magnitude of mass coral bleaching events, where large numbers of susceptible individuals are killed following a breakdown in symbiosis (Carpenter et al. 2008) . Deleterious effects of temperature on coral reproduction include reduced fecundity, egg quality, fertilization success, and larval survivorship (see McClanahan et al. 2009 for a review). Here, we briefly address the potential effects of changes in annual cycles of environmental variables associated with spawning synchrony and the potential effect this may have on population replenishment. In addition, we identify life-history characteristics that might make a coral species susceptible to thermal anomalies associated with climate change.
Significant changes in many biological processes as a consequence of climate change are now evident in many ecosystems (Harley et al. 2006) . Indeed, shifts in phenology offer some of the best evidence for climate change-induced biological shifts (Visser 2008) . Much of this research is from mid and high latitudes and from organisms for which long-term records are available, in particular plants, birds, and insects (Both et al. 2006 , Visser 2008 . Much less is known about shifts in phenology at lower latitudes or in marine organisms (but see Philippart et al. 2003 , Edwards & Richardson 2004 . Nevertheless, changes in seasonal patterns of SST are likely to have major implications for reproductive phenology of marine organisms with highly seasonal reproduction (Olive et al. 1990 ). The effects of global warming on spawning synchrony in corals hinges on (a) whether sea temperature is a proximate cue or whether other climate-independent factors control reproductive timing, for example, insolation and photoperiod (see discussion above); and (b) whether corals within populations time spawning synchronously to optimize offspring survival or whether the main driver is synchrony itself, independent of the time of the year or season, for example, to satiate predators. If temperature acts as a primary cue or synergistically with other cues, then temperature changes may uncouple the phase relationship and cause a breakdown in synchrony with potentially negative consequences for fertilization success (Lawrence & 2004). For many marine invertebrates, particularly in temperate zones, reproduction is timed to match timing of food supplies. Coral larvae are either lecithotrophic or autotrophic (see discussion above) and therefore do not feed in the water column; consequently, shifts in spawning time are unlikely to increase larval mortality through starvation. However, many broadcast spawners reproduce during intermonsoon periods when SST are close to annual maxima and when water conditions are relatively calm, suggesting that the seasonal timing of reproduction is adaptive (van Woesik et al. 2006) ; thus larval survival could be affected if phenology shifts increase the probability of spawning occurring during periods of inclement weather. Glynn & Colley (2009) propose that broadcasting species in the eastern Pacific may fare better than brooding species in the face of global warming because they possess traits that increase the probability of survival of sexual recruits and asexual fragments. Broadcast spawning species outnumber brooders in the eastern Pacific, both in terms of species richness (12 of 13 studied species are spawners) and relative abundance, potentially because they are capable of colonizing a diverse range of habitats, produce large numbers of sexual propagules that have wide dispersal potential, and tend to produce greater numbers of asexual fragments compared to brooding species. Moreover, following the mass bleaching event on the GBR in 1998, brooding species have taken longer to return to former levels of abundance than have broadcast spawning species (Emslie et al. 2008) . In contrast, brooding corals now dominate many Caribbean reefs following disturbances in the 1980s and 1990s (Knowlton 2001) , and their recruits outnumber those of spawners following mass bleaching events (McField 1999) .
In summary, although the effects of repeated mass bleaching events are likely to be profound in terms of causing widespread mortality of coral assemblages, climate change is also likely to significantly affect coral reproductive success and phenology and thus the very processes required to replenish reefs following bleaching disturbances. More detailed information on the seasonal timing of spawning and synchrony within populations is urgently required as a baseline against which to test the effects of climate change.
SUMMARY POINTS
1. Previous hypotheses on systematic patterns in coral reproduction, including the highly conserved nature of coral sexuality and the relatively plastic nature of mode of larval development, have been verified by analyses of substantially increased data on coral reproductive biology in the context of a new molecular phylogeny and by recent phylogenetic analyses of the evolution of these traits.
2. Scleractinian fauna in the western Atlantic has a substantial overabundance of corals that brood larvae. We hypothesize that this pattern is the result of differences in the dispersal ability of brooded larvae that are, almost without exception, autotrophic and therefore have a greater capacity for long-distance dispersal than have lecithotrophic larvae.
3. Fauna in the eastern Pacific is dominated by species with autotrophic larvae, supporting the idea that dispersal from the central Pacific is responsible for the unique nature of this fauna.
5. Corals rely on a number of environmental cues, potentially including seasonal temperature patterns, to synchronize spawning, although more research is required to unequivocally identify these cues. Reliance on external cues suggests that climate-induced changes in environmental cues have the potential to disrupt spawning synchrony, and thereby reduce the resilience of reef ecosystems.
DISCLOSURE STATEMENT
The authors are not aware of any affiliations, memberships, funding, or financial holdings that might be perceived as affecting the objectivity of this review.
